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INTRODUCTION 

Superconducting cavities and oscillators have truly come into their 
own over the last few years in the field of time and frequency. 
in Germany, Poland, France, England and Japan, in addition to the United 
States, are either currently involved in or starting projects which utilize 
superconducting oscillators. The purpose of this paper is to describe a 
superconducting parametric oscillator which will be used as a source for 
frequency synthesis experiments - from the microwave to the far infrared 
or higher. 
highest possible frequencies to radio frequency sources. 
it possible to transfer the full accuracy and stability of the cesium fre- 
quency standard to the infrared and to perform experiments which test 
theories of gravity and the constancy o f  certain fundamental constants. 

Laboratories 

The goal of these experiments is to phaselock lasers at the 
This will make 

Superconducting resonators have several properties that make them 
The particularly relevant to the problem of frequency multiplication. 

devices which have been used in recent years operate in the X-band near 
10 GHz. 
generated in the multiplication process. It may be possible to realize 
further advantages 
Compared to quartz crystals, superconducting resonators have smal 1 non-1 inear- 
ity. 
multiplying junction through the resonator which also reduces the noise gener- 
ated by the multiplier. 
being used are mechanically rugged structures constructed from sol id niobium 
and consequently have smal 1 environmental sensitivities [l]. Finally, very 
narrow resonance widths can be achieved with niobium resonators. At 10 GHz, 
the maximum Q which has been reached is approximately 10l1 while Q's greater 
than 10 are achieved routinely [2]. The high Q relaxes the requirements on 
how finely the resonance must be split to achieve the necessary frequency 
stabi 1 i ty. 

This relatively high starting frequency helps to reduce the noise 

by using resonators at frequencies as high as 100 GHz. 

As a result it is possible to filter all the power needed to drive a 

The superconducting cavities which are currently 

9 
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A v a r i e t y  o f  o s c i l l a t o r s  can be b u i l t  us ing a superconducting cav i ty .  
Some o f  the  techniques which have been t r i e d  are: 

res is tance device t o  the c a v i t y  [3]; coupl ing a free running o s c i l l a t o r  t o  
the  c a v i t y  ( s t a b i l i z a t i o n )  [4]; p lac ing  the  c a v i t y  i n  a feedback loop around 
a u n i l a t e r a l  a m p l i f i e r  [ 5 ] ;  f i l t e r i n g  the  output o f  a f r e e  running o s c i l l a t o r  
through the  cav i ty ;  and us ing the c a v i t y  i n  a frequency d isc r im ina tor  c i r c u i t  
i n  order t o  feed-back t o  a vol tage con t ro l l ed  o s c i l l a t o r  (SCSO technique) [6]. 
Although each method has c e r t a i n  advantages and disadvantages, when the  
c r i t e r i o n  i s  optimum spect ra l  p u r i t y  the  best  device appears t o  be a negat ive 
res is tance o s c i l l a t o r  which uses a parametric a m p l i f i e r  t o  generate the  
negat ive resistance. 
very favorable cryogenic environment which i s  needed f o r  the superconducting 
cav i ty ,  and can d i r e c t l y  generate the  m i l l i w a t t  power l e v e l s  t h a t  are needed f o r  
frequency mu1 t i p 1  i ca t i on .  

coupl ing a negat ive 

Such a device i s  compact, can be e n t i r e l y  located i n  the  

The Superconducting Parametric Osci 1 l a t o r  

A parametric o s c i l l a t o r  i s  simply a parametric a m p l i f i e r  which i s  pumped 
s u f f i c i e n t l y  hard t h a t  the generated negat ive conductance exceeds the ne t  
p o s i t i v e  conductance o f  a l l  loads and i n t e r n a l  losses. The device which i s  
described here i s  based on the three frequency non-degenerate parametric 
ampl i f ier .  A varactor  diode i s  mounted i n  an assembly which permits i t  t o  be 
matched t o  a source of pump power a t  frequency w3. As a r e s u l t  i t  appears t o  
be a t ime vary ing capacitance. The diode i s  a t  the same t ime coupled t o  two 
resonators - the  i d l e r  resonator a t  frequency w1 and the  s ignal  resonator a t  
frequency w2. The equiva lent  c i r c u i t  i s  shown i n  Fig. 1. 

Power can f l ow  between the  th ree  frequencies provided they are  commensurate: 

- W 3  - w1 + W 2 '  

The maximum power output  which may be obtained a t  any frequency i s  
determined by the requirement o f  energy conservation. 
cons i s t i ng  o f  a t ime varying reactance,the power conservation formulas are 
known as the  Manley-Rowe r e l a t i o n s  171: 

For a parametric device 

P(W,) - --• - -  - - -  P ( W 1 )  P (W, 1 
W3 
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Fig. 1: Simplified equivalent circuit of parametric oscillator 
showing idler resonator (wl ), signal resonator (w2) , pumped 
varactor diode (time varying capacitance) and output coup1 ing. 

The oscillation properties of a parametric device must be calculated under the 
assumption that the oscillation signals may be comparable to the pump signal. 
It is then found that above a threshold level of pump powerrthe device oscil- 
lates [8]. 
change in the diode characteristics at high drive level. 
occurs due to the limited amount of pump power available. This method o f  satur- 
ation, which is different from other types of oscillators, may be useful in 
achieving low flicker noise levels. 

However, the strength of the oscillation is not determined by a 
Rather, saturation 

Two parametric oscillators have been built and tested. The pump fre- 
quency for these devices is about 13.4 GHz with a signal frequency of 9.2 GHz 
and an idler frequency of 4.2 GHz. During operation at 29O0K, the minimum 
pump threshold power which has been observed is about 1 mW and the maximum 
efficiency is more than 10%. Oscillation has been observed down to approxi- 
mately 7 7 O K  and nonlinear behavior of the diode continues to at least 1.5'K. 
Oscillation with a superconducting cavity at 1.5"K i s  expected to be achieved 
in the near future. 

The phase noise which results from thermal noise i n  a negative resistqnce 
oscillator has been calculated [SI. Noise in the parametric gain element or 
from internal losses results in what i s  known as perturbative phase noise and 
the spectral density of the phase fluctuations from this source has a random 
walk characteristic [lo]. On the other hand, noise sources which are not filtered 
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by the  resonator cannot be dist inguished from phase f luc tua t ions  and the  
spect ra l  dens i ty  has a whi te phase cha rac te r i s t i c .  
superconducting parametric o s c i l l a t o r  has been designed w i t h  an independent 
output coupl ing probe so t h a t  the  on ly  whi te phase noise source i s  the  
user device. The t o t a l  phase noise from thermal sources i s  the sum o f  
the  a d d i t i v e  and per tu rba t ive  components: 

For t h i s  reason the 

n 

kTe ' 
f -  

pa 

-20 - - 10 Hz + 10-18Hz-1 
f2 

¶ 

9 where vo = 10 GHz, Te = 1"K, Tea = 300"K, Pa = 1 mW, Q, = 5 x 10 and 

Q, = 10 have been assumed. 
t o  t h i s  spect ra l  dens i ty  i s  

10 The two sample variance which corresponds 

where f h  i s  t he  bandwidth o f  t he  measurement system. 

The performance l i m i t a t i o n s  which are predic ted by t h i s  noise analysis 
are very o p t i m i s t i c  since there are add i t i ona l  e f f e c t s  which per tu rb  the phase 
o f  the  o s c i l l a t o r  bu t  do no t  f i t  t h i s  model. 
a f f e c t  the  frequency o f  the  superconducting c a v i t y  d i r e c t l y .  
t i o n s  i n  the  frequency range o f  1 Hz t o  1 kHz couple t o  the c a v i t y  and the  
remainder o f  the  apparatus. These v i  b ra t ions  produce FM sidebands which, unless 
considerable care i s  taken, can represent greater r o o t  mean square phase f l u c t u -  
a t i o n  than the  in tegra ted  white phase noise [l l] .  
superconducting c a v i t y  a f f e c t s  i t s  frequency p r i m a r i l y  due t o  v a r i a t i o n  i n  
the  f i e l d  penetrat ion i n t o  the  superconductor. 
the  operat ing temperature and i s  6 par ts  i n  10'' per degree Kelv in  a t  1.5"K 

[12]. 
1 p a r t  i n  10 per  j o u l e  due t o  both the  r a d i a t i o n  pressure o f  the f i e l d s  and 
the nonl inear surface reactance [l]. 
o s c i l l a t o r  t o  be converted t o  FM noise. 

There are several phenomena which 
Mechanical v i  bra- 

The temperature o f  the  

The sensi t i v i t y  depends upon 

The energy stored i n  the  resonator causes a dc frequency s h i f t  o f  about 
4 

This o f f s e t  al lows AM noise i n  the 
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The frequency o f  the  o s c i l l a t o r  can a lso  be perturbed v i a  p u l l i n g  which 
r e s u l t s  from changes i n  external  loading o r  i n  the o s c i l l a t o r  components. 

e i t h e r  case the  p u l l i n g  can be viewed as a change i n  the frequency o f  the 
i d l e r  resonator. 
o s c i l l a t i o n  and i s  

I n  

The degree o f  p u l l i n g  can be der ived from the  cond i t ion  f o r  

A form of p u l l i n g  which i s  unique t o  the  parametric o s c i l l a t o r  i s  due t o  
va r ia t i ons  i n  the  pump frequency. 
requirement t h a t  the pump, i d l e r ,  and s ignal  frequencies be commensurate leads 
t o  the  fo l l ow ing  r e l a t i o n :  

The p u l l i n g  equation combined with the  

Both cases lead t o  the same conclusion - the r a t i o  o f .  the Q 's  o f  the  i d l e r  
and superconducting resonators should be minimized. 
.formance the i d l e r  c a v i t y  should be loaded by the unavoidable losses o f  the 
varactor  diode. 

For the best noise per- 

I n  order t o  best  i l l u s t r a t e  the  po ten t i a l  advantages o f  the  superconducting 
parametric o s c i l l a t o r  f o r  frequency m u l t i p l i c a t i o n  t o  the  i n f r a r e d  the r e s u l t s  
o f  m u l t i p l y i n g  o s c i l l a t o r s  w i t h  three d i f f e r e n t  spectra t o  100 THz are discussed 
below. The phenomenological theory o f  Walls and de Marchi i s  used t o  p r e d i c t  
the  phase noise a f t e r  m u l t i p l i c a t i o n  [13]. 

Figure 2 i s  a p l o t  o f  the spect ra l  dens i ty  o f  phase f luc tua t ions  represent ing 
(A) the  performance of a commercial 5 MHz quartz c r y s t a l  o s c i l l a t o r  with 
s ta te -o f - the-ar t  whi te  phase noise, (B) the performance o f  a 10 GHz Gunn-effect 
o s c i l l a t o r  s t a b i l i z e d  by a superconducting cav i t y  v ia  the SCSO technique, 
and ( C )  the  predic ted performance of a 10 GHz superconducting parametric o s c i l -  

l a t o r  w i t h  the  assumption t h a t  the f l i c k e r  l e v e l  i s  the same as f o r  the  SCSO. 
The noise i n  each device i s  p l o t t e d  referenced t o  i t s  actua l  operat ing frequency. 
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FIG. 2 Spectral density of phase fluctuations for ( A )  a 5 MHz 
quartz oscillator; ( B )  a 10 GHz superconducting cavity 
stabilized oscillator; and (C) a 10 GHz superconducting 
parametric oscillator (predicted performance). 
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Each spectrum 
frequency, 

s characterized by a carrier which behaves like flicker of 

KC S (carrier, f) = - 
$0 f3 , 

and a white phase noise pedestal , 

K 
S (pedestal , f) = 

$0 1 + (f/fPI2 

P' which is band limited with a 3 dB frequency f 

The phenomological theory pcedicts the results o f  mu1 tip1 ication as a 
function of three variables: The integrated mean square phase in the pedestal, 
QP, is defined by the relation: 

P I S (pedestal, f) df. pedestal cp !$ z 

The bandwidth of the carrier, Avc, is defined by the relation: 

In 2 = lvlSm(.arrier, f) d f .  

- 
2 

The bandwidth of the pedestal 9 A V p ¶  is defined by the relation: 

In 2 = l v w S  (pedestal, f) df 4 
P 

2 

The effect of frequency multiplication of order n is to increase the phase 
spectral density by a factor of n . The spectrum changes in the following 
way. The width o f  the carrier increases linearly with n: 

2 

The integrated mean square phase in the pedestal increases with the square 
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o f  n: 

-@P The power in the carrier relative to the total power decreases as e . 
The width of the pedestal is at first constant and then increases as the 
square of n when (Pp exceeds In 2: 

For low orders o f  multiplication the primary effect is the increase 
in the bandwidth o f  the carrier. 

For n larger than this critical value the power in the carrier decreases 
exponentially. 
bandwidth to less than f in order to observe the carrier with a power 
signal-to-noise ratio greater than unity. 
order reaches approximately 3nl, the power density of the carrier is 
smaller than the power density o f  the pedestal and it i s  no longer 
possible to observe the carrier. 

When n reaches the value nl for which 
Qp = ln2 the power in the carrier is equal to the power in the pedestal. 

In this region it i s  necessary to decrease the observation 

P 
By the time the mu1 tip1 ication 

Figure 3 illustrates the predicted results o f  mu1 tiplying the three 
signals of Fig. 2 to 100 THz. The power density of the carrier from the 
quartz crystal oscillator drops below that of the noise pedestal by the 
time it is multiplied to 50 THz. For this reason the noise pedestal I s  
shown as a dashed line, indicating that there i s  no resolvable coherent 
signal. The same thing happens to the signal from the SCSO just at 700 
THz. However, in the case of the superconducting parametric oscillator 
the theory predicts that the carrier could still be resolved at 100 THz. 
The signal to noise power ratio is predicted to be 2 x 10 at this 
frequency and it should be possible to phaselock a tunable laser to the 
multiplied signal permitting one to transfer the full stability and ~ 

accuracy o f  frequency standards between the RF and infrared portions of 
the spectrum. 

3 
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FIG. 3 Power spectral desity o f  three oscillators o f  Fig. 2 after 
( A )  a 5 MHz quartz oscillator; multiplication to 100 THz: 

( B )  a 10 GHz superconducting parametric oscillator (predicted 
performance). Note the absence o f  any carrier i n  Curves A & B. 
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